A low-pressure separation procedure of α-tocopherol and γ-oryzanol was developed based on a sequential injection chromatography (SIC) system coupled with an ultra-short (5 mm) C-18 monolithic column, as a lower cost and more compact alternative to the HPLC system. A green sample preparation, dilution with a small amount of hexane followed by liquid-liquid extraction with 80% ethanol, was proposed. Very good separation resolution (Rs = 3.26), a satisfactory separation time (10 min) and a total run time including column equilibration (16 min) were achieved. The linear working range was found to be 0.4 -40 μg with R 2 being more than 0.99. The detection limits of both analytes were 0.28 μg with the repeatability within 5% RSD (n = 7). Quantitative analyses of the two analytes in vegetable oil and nutrition supplement samples, using the proposed SIC method, agree well with the results from HPLC.
Introduction
Vitamin E and γ-oryzanol are used extensively among consumers who seek extra antioxidants intake. Vitamin E, comprised of tocopherols and tocotrienols, is a fat-soluble essential vitamin that supports nerve function.
Among various analogs, α-tocopherol is found to be the most bioactive and predominant form of vitamin E in human and animal tissues. 1 Another antioxidant of interest, γ-oryzanol, which is a component found in rice bran oil (mixture of sterols and ferulic acid), is believed to reduce cholesterol absorption, and has been used for the purpose of treating high cholesterol, menopause, and for increasing growth hormone and muscle mass. [2] [3] [4] Consumers who want additional amounts of antioxidants mostly take them in the form of nutrition supplements.
However, these supplements are not regulated the same way as food and drugs, and they are costly. Since the extensive use and cost of these products depends on their contents, quantitative analyses of these antioxidants are of much interest in food, pharmaceutical, and cosmetics industries.
Analytical methods that have been used for the analysis of tocopherols and γ-oryzanol in food and biological samples involve spectroscopy (IR, UV-Vis, and fluorescence), [5] [6] [7] [8] chromatography (HPLC both normal and reverse phases, TLC, and GC), [9] [10] [11] [12] electrophoresis, 13 and electrochemistry. 14 Among these techniques, HPLC with spectrophotometric detection is the most common. However, despite being one of the most well-established analysis techniques, HPLC operation still involves a high-cost separation column and relatively bulky instrumentation. Flow injection (FI) and sequential injection (SI) analysis techniques have similar components (such as a solvent reservoir, pump, injection valve, and tubings) to those in HPLC. They have been used widely for automating wet chemistry, including the flow-injection analysis of α-tocopherol based on the redox reaction and the formation of color complexes with chromogenic reagents. 15 Relatively new combinations of the SI system with monolithic separation columns, known as sequential injection chromatography (SIC), has been demonstrated for its ability to effectively separate and simultaneously quantitate multi-analytes at low pressure. [16] [17] [18] The use of an ultra-short monolithic separation column (as short as 5 -10 mm) for very good resolution separation has also been reported. [19] [20] [21] [22] The short monolithic column helps to reduce back pressure, and enables effective low-pressure separation with a more economic syringe pump instead of a costly high pressure pump.
In this study, the SIC method using a non-toxic mobile phase (ethanol) for the separation of α-tocopherol and γ-oryzanol was developed as a lower cost alternative to HPLC methods. Various procedures were tested for the preparation of vegetable oil and oil-based supplement samples. The one most efficient, adapted from these various methods, was dilution, followed by lowvolume solvent extraction. This sample preparation method was developed with the aim of using the least amount of toxic organic solvent and generating the minimum waste in accordance with green analytical chemistry principles. Both the SI components and the guard column used as an ultra-short analytical column are 3 -5 times lower in cost as compared to the HPLC system. Due to the operation of the bi-directional syringe pump in the SIC, which is different from the onedirection high-pressure pump used in the HPLC, handling of the mobile phase and other reagents/samples is distinctively different from that in HPLC. Optimization of the system is described and the analysis results of various vegetable oil and nutrition supplement samples are compared to those obtained from HPLC.
Materials and Methods

Standard and sample preparation
The stock mixed standard solution was prepared by dissolving accurately weighed 0.2000 g of α-tocopherol (Fluka, Switzerland) and 0.2045 g of γ-oryzanol (98%, Ichimura Pharcos, Japan) in absolute ethanol (QRëC, New Zealand), and adjusting the volume to 25.00 mL. The series of working mixed standard solutions were made by diluting the stock solution with ethanol to appropriate concentrations.
Various sample preparation methods were tested with the aim to effectively extract the analytes out of nonpolar components into a liquid phase that is miscible with the mobile phase used in the SIC system. It is a particularly challenging task to achieve a good extraction efficiency for oil-based samples due to emulsion formation. For this study, palm oil was spiked with known amounts of α-tocopherol and γ-oryzanol prepared in isopropanol.
After mixing, isopropanol was completely evaporated out. Spiked palm oil was used to evaluate the effectiveness of different sample preparation methods based on the percent recovery. Methods that were tested in this study include saponification (Method A), 23 dilution with hexane (Method B), 24 and with isopropanol (Method C), 25 double solvent extraction with a methanol-methanol:isopropanol mixture (Method D), 26 and with an ethanol-ethanol:isopropanol mixture (Method E), and small-volume solvent extraction in a screw-cap tube as a down scaling of Method E (Method F). Finally, the combination of low-volume dilution with hexane and solvent extraction with ethanol (Method G) was selected. Detailed sample preparations were as described in Supporting Information.
Mobile phases
Ethanol and water mixtures were selected as mobile phases because the combination is less expensive and less toxic as compared to the acetonitrile and methanol mixtures usually employed in HPLC. Four mobile phases were optimized for their ethanol:water ratios. The first mobile phase (MP I) is for equilibrating the column and for carrying the standard or sample to the column. The second and third mobile phases (MP II and III) are for the elution of α-tocopherol and γ-oryzanol, respectively. The last mobile phase (MP IV) is for cleaning the column after each separation. All mobile phases were filtered through a 0.20-μm Nylon membrane filter (47 mm diameter, Filtrex, USA) and were degassed in an ultrasonic bath (Model 8891E-DTH, Cole-Parmer, USA) for 10 min before using. 
SIC system
A schematic diagram of the SIC system is shown in Fig General operational steps of the SIC system are as given in Table 1 , and their relation with the chromatogram is also indicated in Fig. 2 . Even though the multi-steps operation of mobile phase switching may be similar to the operation of an automatic solid phase extraction (SPE) system, there is a slight difference between the SPE and the SIC systems. Normally, the SPE process only separates an analyte out of other matrices. To further determine the amount of analyte, the SPE process must be coupled with another analysis technique, e.g. SPE-SIA, 27 where an analyte, extracted and preconcentrated by SPE, reacts with chromogenic reagent in the SI system for detection. On the other hand, the SIC incorporates a separation column with the SI system to separate multi-analytes from each other in the order based on their polarities and also quantitatively analyzes them simultaneously without further chemical reactions.
HPLC standard method
HPLC analysis was carried out through an independent laboratory service (Central Lab THAI, Chiang Mai, Thailand), where the routine analysis method was modified based on that of Chen & Bergman 10 by using isocratic in place of gradient elution. In brief, the extracted standard or samples were injected into the HPLC (Agilent Technologies, Model 1100 series, Germany) equipped with an Agilent Zorbax SB-C18 column (5 μm, 4.6 × 150 mm; USA) and a photodiode array detector (G1315B DAD, Germany). Detection wavelengths were 298 and 325 nm for α-tocopherol and γ-oryzanol, respectively. The mobile phase was prepared from acetonitrile, methanol, and isopropanol (25:70:5 v/v) with the addition of acetic acid to a concentration of 0.1%. The sample injection volume was 10 μL.
Results and Discussion
Optimization of the SIC system
With bi-directional operation of the syringe pump, a volume of mobile phase or sample is aspirated through the multiposition valve and briefly kept in a holding coil. To dispense the plug of this solution, the flow is reversed through the multiposition valve to the port that is connected to the column. The principal parameters, including the detection wavelength, mobile phase composition (for separation and injection), and flow rate of the mobile phase, were studied in order to obtain the optimal SIC operational conditions for the separation and quantitative analysis of α-tocopherol and γ-oryzanol.
Detection wavelengths
The absorption spectra, found by a UV-VIS spectrophotometer (Model 1800, Shimadzu Co., Japan), are as shown in Fig. S1 (ESI). A suitable detection wavelength for α-tocopherol is at 290 nm; those of γ-oryzanol are at 298 and 325 nm. Therefore, the compromised wavelength at 290 nm was used for the determination of both α-tocopherol and γ-oryzanol; the wavelength at 325 nm was also observed for the determination of only γ-oryzanol for comparison. Both wavelengths can be used simultaneously for the detection of analytes in a single injection.
Mobile phase composition for column equilibration and separation
To ensure complete dissolution and introduction of the analytes into the column, sufficiently strong MP I (50% ethanol) was used to deliver the sample and equilibrate the column. A preliminary investigation of the mobile phase composition and the elution time (tR) of pure α-tocopherol and γ-oryzanol (each at 200 mg L -1 ) were carried out using ethanol in water from 60 to 100% v/v (at 10% increment). It was found that Table 1. ethanol lower than 70% v/v could not elute α-tocopherol and γ-oryzanol, while higher concentrations ethanol (>80% v/v) caused the analytes to be eluted too close to the void volume of the column, which would make peak analysis difficult.
In order to obtain the best conditions for separation, which would yield the shortest retention times, good separation resolution, and the best peak symmetry, the elution mobile phase composition was studied in more detail using ethanol in the 70's % range. In this study, MP I (50% ethanol) was used for equilibrating the column and injecting the standard or sample into the column. Then, two mobile phases (MP II at 70, 72, 74, or 76% ethanol (3000 μL, flow rate 20 μL s -1 ) and MP III at 70, 72, 74, or 76% ethanol (5000 μL, flow rate 20 μL s -1 )) were used consecutively for the separations of α-tocopherol and γ-oryzanol. As described in detail in ESI and Fig. S2 , the optimum concentrations of MP II and III are 72 and 74% ethanol, respectively. The last mobile phase (MP IV, 100% ethanol) was used for cleaning the column.
Flow rate of mobile phase
The SIC system was equipped with a low-medium pressure syringe pump. The appropriate flow rate was determined to ensure the operation of the system without leakage, while reducing analysis time as much as possible. It is also important to note that it is common in flow-based analysis methods equipped with spectrophotometric detection to experience a small Schlieren effect peak if there is an abrupt change in the refractive index of the liquid flow. The Schlieren effect originates from any optical inhomogeneity in the transparent materials, which renders differences in the optical path length, which causes light deviation. 28 A suitable handling of mobile phase by adjusting the composition and the flow rate can minimize any interference from the Schlieren effect. With the optimum MP I and MP II compositions, the 1st small Schlieren effect peak in the injection step prior to the elution of α-tocopherol does not interfere with the measurement of the analytes (see chromatogram in Fig. 2) .
To minimize the total analysis time, the flow rate of MP I during the column equilibration step, which does not influence the separation of the analytes, was kept at a high flow rate of 50 L s -1 . However, a higher flow rate was not used in order to avoid building up excessive back pressure, which may cause the pump to stop working. For the best separation efficiency, the elution mobile phases (MP II and III) were varied in the lower flow rate ranges of 20 to 35 L s -1 . The results indicated a decrease in the retention time with a good peak shape when the flow rate was increased. However, at too high a flow rate, γ-oryzanol was eluted out too close to the 2nd small Schlieren effect peak, which appeared to be due to a sudden change of the MP II to III composition. This may cause difficulty in accurate integration for the peak area. The flow rate of 25 L s -1 was found to be the most suitable, and yielded high peak areas, good peak symmetry, and good separation resolution (see chromatograms in Fig. 2) .
To reduce the analysis time without sacrificing the separation performance, aspiration flow rates during the standard/sample loading steps were tested in the range from 80 to 120 L s -1 . Regression plots of the peak areas vs. the concentrations of mixed standard solutions 10 -100 mg L -1 obtained from different aspiration flow rates offered similar slopes and comparable correlation coefficients (R 2 , all are higher than 0.98). However, a flow rate of 120 μL s -1 occasionally caused bubbles to form in the flow lines. Therefore, a flow rate of 100 μL s -1 was chosen so as to avoid bubble formation as well as to minimize the total analysis time.
Sample preparation method
Various sample preparation methods are described, and their efficiencies are compared, as summarized in Table S1 (ESI). Most reports on the analysis of vegetable oil samples employ saponification process (as in Method A). However, the saponification is complicated and also renders the decomposition of some γ-oryzanol due to high alkalinity and temperature during reflux, 29 which may be the cause of a low percent recovery. A simple dilution of samples was proposed by Warner and Mounts, 24 and Gliszczyńska-Świglo and Sikorska. 25 However, when diluting with hexane (Method B), both analytes could not be detected. This may be due to the immiscibility of hexane and MP I (50% ethanol). The analytes may not be able to partition into the stationary phase, and therefore be eluted without any retention. When the dilution solvent was changed to isopropanol (Method C), which is miscible with MP I, both analytes could be detected. This one-step dilution method is simple, but it still yielded low percent recoveries, indicating low retention of the analytes, which may be due to a higher elution strength of isopropanol as compared to MP I. Azrina et al. 30 suggested a double-extraction solvent (methanol followed by mixed solvents of methanol and isopropanol) for the extraction of tocopherol and oryzanol in rice grains, which is a non-oil based sample. However, when testing this process (Method D) with vegetable oil samples, low percent recovery was obtained due to incomplete extraction caused by the emulsion, which may be the result of too much difference in the polarity of the sample and the solvents. Therefore, the method was modified by using ethanol in place of methanol (as in Method E) as well as down scaling the extraction (as in Method F). In both cases, emulsion still occurred, although less pronounced than in the case of methanol, and recoveries were still unacceptable. However, the recoveries of Methods E and F are insignificantly different, which indicates that downscaling the extraction can be performed without any alteration of the extraction efficiency. Finally, Method G was developed based on the combination of dilution and solvent extraction. Oil samples were dissolved in hexane so as to reduce viscosity and increase contact surface and miscibility of the sample with the extraction solvent (80% ethanol in water) that was added in the next step. It is important that the mixing was carried out gently so as to avoid the formation of an emulsion. Although this requires about 45 min, the repetition of 2-times extraction is efficient in extracting the two polar analytes from other nonpolar components. The extraction solvent (80% ethanol) is also miscible with the MP I, which promotes retention of the analytes on the column, and improves the separation efficiency as compared to when other extraction solvents were used. The percent recoveries of α-tocopherol and γ-oryzanol were at acceptable AOAC standard levels of 85 and 82%, respectively. 31 From the chromatogram, higher polar components were eluted before α-tocopherol within the same area of the Schlieren effect peaks (as shown in Fig. 2c ). In addition, this sample preparation method is considered to be greener than other methods because it uses a low volume and a less toxic solvent (ethanol). Therefore, Method G was chosen for the preparation of samples in further experiments. The same extraction method was applied to all standard solutions for accurate analysis results.
Figures of merit
The performance of the SIC system was demonstrated and evaluated through the analysis of various figures of merit, as summarized in Table 2 and described as follows.
Sample preparation
The intra-day and inter-day precisions of the extraction process were investigated from 5 replicated extractions of palm oil and dietary supplement samples in one day as well as on different days. The values of the relative standard deviation (RSD) of the α-tocopherol and γ-oryzanol concentrations were found to be in an acceptable range of 4.2 -7.2%. A recovery study was also performed by spiking a palm-oil sample with standard analytes at low concentrations (500 mg L -1 α-tocopherol and 1000 mg L -1 γ-oryzanol) as well as at high concentrations (3500 mg L -1 each of the two analytes). The percent recoveries from the extraction process were found to be between 87 and 98%.
SIC separation
The working range of α-tocopherol and γ-oryzanol were investigated, and found to be linear within the range of 10 -1000 mg L -1 (40 L injection volume). This is equivalent to 0.4 -40 g of the analytes.
The limit of detection (LOD) of α-tocopherol and γ-oryzanol were calculated from standard calibration graphs (LOD = 3S/b, where S is the standard deviation of the blank signal and b is slope of the calibration graph). The calculated LODs are 0.28 μg or 7 mg L -1 for both α-tocopherol and γ-oryzanol. This LOD value was confirmed by the presence of the peaks of the two analytes on the chromatogram obtained when injecting a mixed solution (40 μL of 7 mg L -1 of each analyte) into the SIC system. The limit of quantitation (LOQ) of both analytes were approximately 0.92 μg or 23 mg L -1 (where LOQ = 10S/b). The precision of the SIC system was investigated based on 7 injections of mixed standard α-tocopherol and γ-oryzanol at two concentrations (10 and 50 mg L -1 ). The relative standard deviations (RSD) were within the range of 3 -5%, which is at the AOAC acceptable level for both analytes. These values, although higher than those of the HPLC system, are at satisfactory levels, considering that the SIC used multi-steps elution and ultra-short monolithic column rather than continuous elution and a long separation column as in HPLC.
The total run time was 960 s (16 min) per sample. This includes all of the steps i.e. equilibration of the column, loading of the mobile phase, standard, or sample to the holding coil, and delivering them to the column, as well as the actual elution time of the standard or the sample through the column and the detection steps. If considering just the separation step (from delivering of MP II to the complete elution of the two analytes), it took 10 min. This is a comparable separation time to that of HPLC, as shown in the chromatogram (Fig. S3, ESI) , which took about 12.5 min from delivering of the mobile phase to completely eluting the two analytes. Although HPLC is superior in its ability to separate 4 different forms of γ-oryzanol, their integrated peak areas usually have to be combined to find the total amount of γ-oryzanol, as normally reported on the product labels. Therefore, the SIC that elutes all forms of γ-oryzanol as one is sufficient for this purpose. The total volume of the ethanol mobile phase consumed by the SIC is about 17 mL. In addition to using a greener lowvolume dilution and solvent extraction for the sample preparation method, this work also achieved the green analytical purpose of using low-volume nontoxic mobile phase ethanol in place of the toxic acetonitrile and methanol, as reported in HPLC methods.
In term of robustness, due to the low-medium pressure pump employed, the flow rate used in the SIC must be slower than that used in the HPLC so as to avoid excessive back pressure, which can affect the robustness of the system. 16 In general, the low-medium pressure syringe pump and the ultra-short column have a lower separation capability as compared to high pressure pump and long column used in HPLC. Therefore, SIC is usually applied for the separation of samples containing a few analytes. However, with a suitable sample pretreatment and multistepwise operation, the separation of more complex samples is possible. For example, SIC multi-stepwise separation of as many as 19 out of 20 amino acids has been reported. 32 A short column with a short separation distance is also more sensitive to a change of the mobile phase polarity. However, both the flow rate and the mobile phase composition are controllable. With careful operation and reagent preparation, the robustness of the SIC is sufficient. . b. RSD from multiple sample preparations (n = 5).
Analysis of real samples
Vegetable oil or dietary supplement samples were accurately weighed in the range of 0.08 -0.30 g into a screw-cap separation vial and diluted with about 1 mL hexane (Lab-Scan, Ireland). The sample solution was extracted by adding 1.00 mL of 80% v/v ethanol and gently shaking for about 45 min. The process was repeated one more time. Analytes of interest were determined from the ethanol layer with the SIC and HPLC. Despite the twice-repetitive extraction of each sample, it should be taken into consideration that a small amount of analytes may be left in the hexane layer due to equilibrium attended during extraction. This may cause some inaccuracy of the measurement. In order to compensate for this possible error, mixed α-tocopherol and γ-oryzanol working standard solutions (0.10 mL) were also diluted with hexane and extracted with ethanol the same way that was done with samples. Table 3 . Palm oil and rice bran oil samples, and one of the dietary supplement samples (S1) do not have vitamin E contents reported on their labels. However, some α-tocopherol is found in these samples with both the SIC and the HPLC analyses. As for the analysis of γ-oryzanol, two different wavelengths yielded the same concentration. Therefore, one compromise wavelength at 290 nm may be used for both α-tocopherol and γ-oryzanol analyses. The results from the analyses of all samples using the SIC and HPLC methods are not significantly different, as compared using paired t-test at 95% confidence level.
Conclusions
The proposed ultra-short column SIC method is an alternative quantitative analysis of α-tocopherol and γ-oryzanol based on the green analytical chemistry aspect of using a low volume of organic solvent (1 mL hexane) during extraction and less toxic mobile phase (ethanol) during separation. The overall cost of the SIC instrumentation is lower than that of the HPLC. The SIC is also more portable due to smaller size and weight. An ultra-short monolithic guard column, although having a shorter life, can be used as an economic separation column for the SIC with additional benefits of reduced column equilibration time. With careful optimization and design of the operational steps for the handling of mobile phase and other reagents, satisfactory separation performance can be achieved. 
